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Abstract 
The contents of this paper reports an experimental investigation carried out to detect the air gap 
eccentricity faults under varying load conditions using non-invasive transducers to monitor the current 
and vibration signals as a diagnostic medium. Experimental results of vibration signature analysis using 
Micro-Electro-Mechanical Systems (MEMS) accelerometer and Motor Current Signature Analysis 
(MCSA) using Hall Effect current transducers are compared and found nearly common signatures. 
Spectral analysis is carried out using decimation in time Fast Fourier Transform algorithm using FFT 
analyzer. This study also examines the usefulness of vibration signature analysis using MEMS to detect 
the eccentricity faults in developing a compact, miniaturized and cost effective instrument.  
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1. Introduction 
    Faults in induction motors are categorized as stator and rotor faults. The stator faults are generally 
caused by a breakdown of winding insulation while the rotor faults are due to defective rotor bar or 
damage due to air gap eccentricity. An unbalanced magnetic pull between the rotor and stator leads to an 
air gap eccentricity [1]. The performance and reliability of induction motor mainly depends on optimum 
air gap level between rotor and stator. Hence a sincere effort is made by motor designers and 
manufacturers to keep air gap as minimum as possible [2].  
Air gap eccentricity is a common defect arising from a range of mechanical problems such as load 
unbalance, shaft misalignment, wear and tear in bearings, minor bend in rotor shaft, rotor manufacturing 
defects and incorrect positioning of the stator or rotor. With shaft misalignment, the rotor will be 
displaced from its normal position because of a constant radial force. Static and dynamic are two types of 
air gap eccentricity. For static air gap eccentricity, the position of the minimum radial air gap is fixed and 
it is caused by stator core ovality, or incorrect positioning of stator core or bearing at commissioning or  
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 during repair, and its level does not change over time. Dynamic eccentricity is a condition where the 
center of the rotor is not at the center of rotation and the position of the minimum radial air gap rotates 
with the rotor. This is produced by bent shaft, worn bearings, asymmetric thermal expansion of the rotor 
etc. Fig. 1(a), (b) and (c) illustrates different eccentricity cases [3]. 
                                                                            
        Fig.1            (a) Healthy rotor                    (b) Static Eccentricity                    (c) Dynamic Eccentricity
    The literature survey unfolds the facts about past investigations made by many researchers. A 
comprehensive review of various alternative methods such as MCSA, Complex Park Vector (CPV), Axial 
flow (AF), Torque harmonics analysis (THA), Impedances of inverse sequence (IIS), Artificial neural 
networks (ANN), instantaneous power and current using FFT and Hilbert Transform, Wavelet techniques 
and FEM analysis to detect and diagnose mechanical faults such as air gap eccentricity, bearing and rotor 
faults in induction motor are discussed in [1].A new automated approach  based on impedance calculation 
for  detecting air gap eccentricity  in inverter fed induction machine is discussed in [2].Time-stepping 
finite element method (TSFEM), load-level-independent method is proposed in [3] to determine the static 
and dynamic eccentricities individually. M.Sahraoui et al have found that spectral components around the 
fundamental frequency as an indicator for dynamic eccentricity [4]. MMF- permeance wave approach 
was used for simulating the machine under healthy and eccentric rotor conditions in [5]. Different types 
of eccentricity faults, their effects and consequences on the health and behavior of the motor, invasive 
and non-invasive techniques and their relative advantages of the non-invasive techniques and various 
fault indices are discussed in [6]. Magnetic flux density in the air gap is calculated to get the effect of 
eccentricity faults in induction motors in [7]. The researchers [8] have also used current, flux and 
instantaneous power signals as a diagnostic medium to detect the eccentricity under varying load 
conditions in induction motor. The electromagnetic forces in induction machines when the rotor is 
performing eccentric rotation with respect to the stator are studied by adopting multi-slice, time stepping 
finite element analysis in [9]. 
    The published literature reveals the fact that in spite of the extensive work on air gap eccentricity 
detection in induction motor, the usage of MEMS based vibration signature analysis techniques have not 
been reported. As MEMS accelerometers are novel, state of the art technology based, and as such no 
work is carried out using MEMS accelerometer in detecting the air gap eccentricity in induction motor, 
present work proposes investigation of vibration analysis to detect air gap eccentricity in three phase 
induction motor running under different load conditions and unbalanced voltage condition. Further the 
present work also proposes to develop cost effective techniques for non invasive detection of air gap 
eccentricity faults in three phase squirrel cage induction motors. Experiments are conducted on the motor 
using MEMS based vibration signature analysis techniques and Hall Effect current transducer. The results 
are compared with motor current signature analysis (MCSA) to study on air gap eccentricity faults.  
2. Air gap Eccentricity 
    Eccentricity in air gap causes ripple torque, unbalanced magnetic pull and lowers the power factor, 
which results in speed pulsations, vibration, acoustic noise, bearing wear and tear and rotor deflection. 
This increases the risk of stator rotor rub, which can cause serious damage in the stator or rotor core, 
conductors and insulation. A practical example of present work, where a stator rotor rub due to 
misalignment of rotor shaft with stator bore causing stator and rotor core damage is shown in Fig.2 (a) 
and (b). 
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                             Fig.2        (a) Damaged stator laminations                   (b) Damaged rotor laminations 
3.      MEMS Technology 
    Micro-Electro-Mechanical System [10] is the integration of mechanical elements, sensors, actuators 
and electronics on a common silicon substrate through the utilization of micro fabrication technology. 
While the electronics are fabricated using integrated circuit process sequence, the micromechanical 
components are fabricated using the compatible “micromachining” process that selectively etch away 
parts of silicon wafer or add new structural layers to form the mechanical and electromechanical devices. 
MEMS promises to revolutionize nearly every product category by bringing together silicon-based 
microelectronics with micromachining technology, thereby, making possible the realization of complete 
systems-on-a-chip. Since MEMS accelerometers are manufactured using batch fabrication techniques, 
similar to ICs, high level of functionality, reliability and sophistication can be placed on a small silicon 
chip at a relatively low cost. Further, MEMS devices are manufactured using silicon material; it possesses 
excellent material properties making it attractive choice for many high performance mechanical 
applications. 
4.      Present Work 
    The present work utilizes non invasive techniques to detect the air gap eccentricity in squirrel cage 
induction motor. First one is a simple and non electrical contact type, makes use of MEMS accelerometer 
for detection of vibrations setup in motor and second one is based on stator current and makes use of Hall 
Effect current sensor. The unique signature of motor in both the methods due to air gap eccentricity can 
be analyzed by using DIT-FFT algorithm. In the initial stage of work, Tektronics 100 MHz storage 
oscilloscope, which has inbuilt FFT analysis provision, is made use for carrying out FFT operations on 
accelerometer output and Hall Effect current sensor signal. The waveform can be captured and saved in 
the oscilloscope. Later, it can be downloaded to personal computer using RS-232 communication port for 
analysis purpose. The proposed scheme is shown in Fig. 3. 
    An experimental set up of present work is shown in Fig.4. It consists of  test motor  with name plate 
details ; 1.5 HP, 3 phase, 415 V, 50 Hz, 1500 rpm, squirrel cage with mechanical load. The 
instrumentation includes MEMS accelerometer, a high resolution FFT analyzer and a personal computer 
connected to FFT analyzer through RS232 cable. A fault of this kind is studied under various load 
conditions and unbalanced voltage condition.  
                    
Fig. 3 Block diagram of proposed scheme.                     Fig. 4 . Experimental setup                  Fig. 5 Test motor having air gap 
           eccentricity
5.     Experimental Results and Analysis 
     Experiments were conducted on the test motor which is having air gap eccentricity, under different 
loading conditions and unbalance voltage. Air gap eccentricity was pre manufactured by reducing rotor 
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5.1    Case 1. Healthy motor running under no load condition 
IR = 1.2 A; IY = 1.2 A; IB = 1.2 A   , VRY = 415 V; VRB = 415 V; VYB = 415 V, N = 1490 rpm, S = 0.0067    
 Fig.6   Magnetic field in air gap                      Fig.7 MEMS accelerometer output                Fig.8 Hall Effect current sensor output    
  Observation: A motor with uniform air gap is energized to run under no load condition, a uniform stator 
flux density is set up due to interaction of stator mmf and air gap permeance. This induction in rotor 
results in rotor current and develops rotor mmf. The interaction of rotor mmf and air gap permeance gives 
rise to rotor flux density. Fig. 6 provides clear idea about this phenomenon [4]. Since the air gap is 
uniform, reluctance due to air gap is also constant, this creates symmetrical magnetic field in air gap, 
which has only fundamental harmonic component. This component is essential to drive the rotor in 
forward direction. Under this condition motor runs with uniform and less vibration, no acoustic and no 
humming noise.  The above mentioned fact was detected experimentally by using vibration signature 
analysis using MEMS accelerometer and current signature using Hall Effect current transducer. On 
comparison of both methods, results are found to be same. Hence, 50 Hz dominant frequency component 
with no side band frequency components are shown in Figs. 7 and 8. This can be a clear indicator of 
healthy machine free from defects. 
5.2  Case 2. Test motor running under no load condition. 
 IR = 1.2 A  ; IY = 1.2 A ; IB = 1.2 A   ,  VRY =  415 V ; VRB =  415 V; VYB = 415 V , N = 1490 rpm , S = 0.0067 
   Fig.9 MEMS accelerometer output                                                 Fig.10 Hall Effect current sensor output 
    Observation: When eccentricity occurs, the air-gap field consisting of the fundamental component, 
stator and rotor mmf harmonics and stator and rotor slot permeances will have additional harmonic 
components due to the fault [3]. Meanwhile, the degree of the fundamental harmonic and ripples vary 
with the type and eccentricity degree. Eccentricity causes asymmetrical magnetic flux density distribution 
in the air gap, which results in pulsation torque. This will set up uneven vibration in motor. The field 
computation and analysis shows that there is a particular frequency component within the air-gap flux 
density. This depends on the position and number of rotor slots, static eccentricity and dynamic 
eccentricity which can be calculated using following relations   
       
1-s
f  = f KR ? n  ? vs decc,HF p
⎡ ⎤⎛ ⎞⎢ ⎥⎜ ⎟⎛ ⎞ ⎝ ⎠⎢ ⎥⎜ ⎟⎢ ⎥⎝ ⎠⎢ ⎥⎣ ⎦
           (1)                   
1-s
f  = f 1   secc,LF pK
⎡ ⎤⎛ ⎞⎢ ⎥⎜ ⎟⎝ ⎠⎢ ⎥⎢ ⎥⎢ ⎥⎣ ⎦
±               (2) 
    where fecc,HF  is the rotor slot passing high frequency component, fecc,LF is the rotor slot passing low 
frequency component, K is an integer(0,1,2,3….), R  is the number of rotor slots, nd is an integer due to 
dynamic eccentricity, s is the slip of the motor,  p is the number of pole pairs, v is the time harmonics 
present in the motor supply ( v = 1, 3, 5,. . . .),  fs is the supply fundamental frequency, fr is the rotor 
rotational speed frequency. The rotating flux waves at frequencies fecc, HF and fecc, LF will induce current 
signatures in the stator and sets up vibrations in stator, which can be captured using Hall sensors and 
MEMS accelerometer. Also, static eccentricity and dynamic eccentricity inject more sideband 
components at frequencies as per equation (2) into the stator current, which also can be used to diagnose 
the static and mixed eccentricities. Also, eccentricity related frequency components at ( fs ± K fr ) are 
induced in stator current which is as shown in  Figs. 9 and 10. Present work makes use of lower 
frequencies found around fundamental for static and dynamic eccentricity detection.  
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 Table 1. Calculated and Experimental values of eccentricity frequency 
  MEMS Accelerometer Output 
fecc = (fs ± K fr) Hz 
Hall Effect current Sensor Output 
fecc = (fs ± K fr) Hz 
(fs – fr) (fs + fr) (fs– 2fr) (fs+2 fr) (fs – fr) (fs + fr) (fs –2 fr) (fs +2 fr)
Calculated 
Values 25.05 74.833 0.33 99.66 25.05 74.833 0.33 99.66 
Experiment
al Values 25.03 74.97 2.466 97.41 - - 1.973 98.27 
A unique pattern found around 100 Hz component and these need more explanation and clarification. On 
comparison of results of both methods, it is found that fault signatures are nearly common and theoretical 
values are validated experimentally as shown in table 1. 
5.3 Case 3. Test motor running under full load condition. 
 IR = 3.2 A  ; IY = 3.1 A ; IB = 3.1 A   ,  VRY =  395 V ; VRB =  400 V; VYB = 400 V , N = 1400 rpm , s = 0.067 
                Fig. 11 MEMS accelerometer output                          Fig. 12  Hall Effect current sensor output      
  Observation: As the motor is loaded to 100% of rated value, current increases, voltage decreases, speed 
decreases and slip increases and are recorded as above. Thus, an uneven distribution of magnetic flux 
density in air gap results in increase in vibrations in motor, noise and humming sound as compared to 
normal running.  Also, eccentricity related frequency components at ( fs ± K fr) are induced in stator 
current which is as shown in  Figs. 11 and 12.  
Table 2. Calculated and Experimental values of eccentricity frequency 
  MEMS Accelerometer Output 
fecc = (fs ± K fr) Hz 
Hall Effect current Sensor Output 
fecc = (fs ± K fr) Hz 
(fs – fr) (fs + fr) (fs– 2fr) (fs+2 fr) (fs – fr) (fs + fr) (fs –2 fr) (fs +2 fr)
Calculated 
Values 26.675 73.325 3.35 96.65 26.675 73.325 3.35 96.65
Experiment
al Values 26.63 74.66 2.466 97.66 - - 2.466 97.53
Theoretical   results are validated by experimental results and   found nearly common signatures in both 
methods as shown in table 2. 
5.4 Case 4. Test motor running under no load, unbalanced voltage condition. 
 IR = 0.4 A; IY = 1.85 A; IB = 1.6 A   , VRY = 365 V; VRB = 395 V; VYB = 410 V, N = 1480 rpm, S = 0.013 
           
    
                    Fig. 13 MEMS accelerometer output                          Fig. 14 Hall Effect current sensor output      
    Observation: When an unbalanced voltage is applied to the test motor, an asymmetrical magnetic field 
is created in air gap due to interaction of stator mmf and rotor mmf. This results in more vibrations, 
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humming sound with increased temperature as compared to normal running.  Also, eccentricity related 
frequency components at ( fs ± K fr ) are induced in stator current which is as shown in  Figs.13 and 14.  
Table 3. Calculated and Experimental values of eccentricity frequency 
  MEMS Accelerometer Output 
fecc = (fs ± K fr) Hz 
Hall Effect current Sensor Output 
fecc = (fs ± K fr) Hz 
(fs – fr) (fs + fr) (fs– 2fr) (fs+2 fr) (fs – fr) (fs + fr) (fs –2 fr) (fs +2 fr)
Calculated 
Values 25.33 74.66 0.665 99.35 25.33 74.66 0.665 99.35 
Experiment
al Values 27.13 74.97 2.466 97.66 25.03 74.97 2.466 97.53 
Theoretical results are validated by experimental results and found nearly common signatures in both 
methods as shown in table 3.
6. Conclusion  
Usage of MEMS technology in condition monitoring of electrical machines is a new idea for detecting 
the faults using vibration signals. In the present work air gap eccentricity in induction machine is detected 
and compared the results with so called motor current signature analysis using Hall Effect current 
transducer. Theoretical results validated experimentally by both the methods are presented and found that 
eccentricity frequencies fecc = ( fs ± K fr ) around fundamental can be used as clear indicator of air gap 
eccentricity faults. Further features of MEMS such as low cost, compact, less power for its operation, 
light in weight, flexible in measurement of vibration i.e. two or three axis vibration, has drawn the 
attention of researchers in developing a cost effective condition monitoring instrument. Presently research 
work is in progress to develop a cost effective condition monitoring instrument to detect other abnormalities 
in induction motors using MEMS accelerometers. 
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